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Abstract Atomic layer deposition (ALD) is widely used as a tool for the formation of near-atomically flat and

uniform thin films in the semiconductor and display industries because of its excellent uniformity. Nowadays, ALD is

being extensively used in diverse fields, such as energy and biology. By controlling the reactivity of the surface, either

homogeneous or inhomogeneous coating on the shell of nanostructured powder can be accomplished by the ALD

process. However, the ALD process on the powder largely depends on the displacement of powder in the reactor.

Therefore, the technology for the fluidization of the powder is very important to redistribute its position during the ALD

process. Herein, an overview of the three types of ALD reactors to agitate or fluidize the powder to improve the

conformality of coating is presented. The principle of fluidization its advantages, examples, and limitations are

addressed.

Keywords: Atomic layer deposition, Coating, Surface modification, Fluidization, ALD reactor.

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

! "

!"# $%&(atomic layer deposition; '( ALD)) *

+, -. $%&(chemical vapor deposition, CVD)/ 0

123, Å 4567/ 89 :;' <=(> 4? @AB

' CD AEF G.67H I0F JKL BMNO P

QR JK GB -S'T. ALD -S) !U< VR -W

.X/ Y"Z [\3 ]^(_ -` ab67/ cde

[f ghL ij JKL GB(R !c'T. ' k ab

6 l%Vm QR Y"n o3 ]^p Y"< qr,23

sF *+, tuL (>, s(v l%Vw xF _Y/

-W Y"R yw(purge) z{L ij |}B -W6 /j

ab67 ~�VR "- ~m,� BM(self-regulated

growth) �B23 �j, �� {�(v 89Z ~m� P

QT. '�F �PF 4? @ABz I0B23 �j

ALD -S) ���*n >H/ 3?! �:*< 0m�>

gHW �{67 �P �<tF JK GB �{' V>

QT.

F� ALD -SL '�j Y� ^" abL ��(_

�� ��L GB(R -S), 1992�6 '� ��e

Suntola ��6 /j q�,23 NHp � Q>, 2000�

\�� �  ¡�< ¢£¤ $<j ¥T[1]. Fig. 1 (a)6

�¦§ �n ¨' �m< VR Y� ^"Z ALD c©�

6 M^(>, ª�W <«n gh <«Z ]^(_ Y�

^"/ ab67 ALD ghL ¬HFT. 'Z ij ab

�B' ~m p Y� ^"Z L P QT. 'n ¨' <

�p ^" ab(engineered particle surface)6 \F ®¯)

Dupont/ Davies °6 /j {±p � QT[2]. Fig. 1 (b)

n ¨' �m Y� ^"R wwW3² -³,, ´,, *+

,, µ+,23 ¶{(· �H6 ¸R ^"Z qrFT.
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�m Y� ^"/ ab6 _� ��#' GBpT. *+,

ghBL ¹R }B ��(active ingredient), ¶{F ºw

»�L (R M¼# ��(barrier coating), Y� ^"/ Y

½L 5F Y½ ��(dispersion coating) °L H^� P

Q>, �H6 ¾¿ �� ÀR ª- ªHBz ¨) -=B

L �_ (R �Á ^"3 abL MÂ� P QT. Dupont

67R '�F ®¯L '�j TiO
2
 ÃU ab/ ÄcÅ

��23 �F µ¶{B Æ., ¶ÇÈÉ< HÊp ]Ë ½

*�(Sb-doped SnO
2
, ATO) ^"< MÂp ªHB Ì'«

Í, ÎIB Kz ab M¼# ��23 �j wÏ,23

ÐÐ¤ ÑÒVR Ó� °L ®ÔÕT. ALD -SL '�

F Y� ^" ��) ÖT T×F Ø-n ab .XZ ¹

R Y� ^"6 ÙÚ {�(v I0F '1K ��L �

P Qm7 <�p Y� ^" abL GB(R Û ,uF

-S'T. 

�¤ Ü'Ø3 45/ Y� ^"< �Á* Vb7, �Á

Ø-/ �� ~mR 6Ýw ÞBL 5F *+, ghBL

C0 P Qm7 6Ýw ßàL C'- 5F Ñ&23 á

' â'- NãÕ>, ALD -S) � �¬/ "- ~m,

� BM �Bz äå BM :æ23 �j �Á Ø- ^"

/ abL ��(�� '1 ��L GB(R Û Qm7

�� ßà,� Ñ&23 ~¶ VçT. C) >1è| ÀR

ab,|Z ¹R �Án'm, �Áéê, �ÁT�Wn ¨

) �Á ��, >å �{6 ÓF ëcì ÀR �'í ��

z ¨) îïÍ �� °6 ALD -SL '�j äå67

�Á 89/ JKL I0(v ^¤R ð' <=(- kñ

'T[3]. 

��� ALD -SL '�j Y� ^"Z ��(R ò�,

2?!6 <óô gHW -` abzR õc Y� ^"/

Ø-n Yö, G., ab .X, PY6 /F ^"/ h÷

(agglomeration) ° T×F ^"/ .X< ALD JK GB

6 �øR ùÆL >úF c©�< â_û FT. ü ¡�

67R ALD �� -SL Y� îý6 ,�(- 5j >

¶p c©�6 � p þñÿL gh Mø/ !"6 ¾¿

Y#(_ {cÕT[1, 4]. ' ]~3 Ôap c$ þñÿL

%>(_, ü ¡�67R &? '\V> QR �  ()

¡� tzZ {cÕT. 2M67R ALD -S/ Y� îý

��L 5F '*Z d4¤ +,ÕT. 3M67R ALD g

h Mø/ 1#Z Y�/ [g ÑÂ6 ¾¿ Y#(_ �

  ¡� tzZ {cÕT. 4M67R Y� îý Yû67

/ ALD -S ,�6 \F h� Yûn ª-L 7SÕT.

#$% ALD &' () *+

Y� ^"Z ALDZ '�j ��(R ò�, ab,'

Øv $<(v . /0 DÉ¿, c©�(reactor) 16 2_

QR ^"/ 5ø6 ¾¿ <«< '½Vm gh� P Q

R ×,, Nd,� 3H< Øv T4T. Fig. 2 (a)R Y�

L 5Ï H<É6 6> ALD �{L (7L k �¦8 P

QR 3H �9Z �¦§ ÈÂH'T. :^p Y�/ ×'

,L ò�6R Y� �� �{' P;(w0, Y�×' á

D7 Y�/ .5 �Y0 ª�W6 ÁÒV- <ô ò�6

R ª�W/ 3H �9< ÔÞ(_ .56 QR Y� ^

"0 ��' '=m wR ðL �¦§ ð'T. ¾¿7, 5

Ï H<É6 Y�L 6> ALD �{L ÄN� k6R ª

�W/ '½ ¬36 ¾> 3H �96 ¾¿ ��' <=

F Y�/ |à' ,mwv VR ñ~&L ! P QT.

Fig. 2 (b)6 �¦§ ³½ tz6 ¾4b, w! 5 cm C'

2 cm/ Ä"ÙG H<É6 100 nm Ø-/ �G ^"< I

0(v #$% QR ò�/ <« !&'«Z >ú(b, ]

^p trimethylaluminum(TMA) ª�W <«< c©� .

#�/ ^" ab67 c©� �(/ ^"3 '½V- 5

Fig. 1. (a) Schematics of powder ALD (b) Surface-engineered powder [2].
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j Ó 27Nd' �)(T[1]. ' ³½ tz< N*(R �

R, ª�W/ '½ z{60 /wj7R c©�6 ++ 9

øp Y� ^"/ ab6 I0(v ª�WZ �,(R ð

' m-TR ð'T. ¾¿7 Y� ^"6 >4v ª�W

<«< Hõ(_ I0F ��KL GB� P Qmû FT.

'�F ñ~&L Ö.(- 5j H<É \) /«0 �

ceZ '�(_ ALD $%' VR Y�/ |àL 1cR

ò�H QçT[5-7]. (w0, ' ò�6R F26 $% �

P QR Y�/ ×' ,L /0 DÉ¿ ã) Ø-/ ^"

d6 ÔÞ(R liquid bridge ÀR solid bridge6 /j Y

�ÿ' h÷W(agglomerate)3 34 P QR ñ~< _ª

¤ 5ýFT. Liquid bridgeR Y� ab6 Q6 PYÿ6

/j Þ-R ð23, �{ 76 8�,23 0m�R *+

-. ghL ij7 liquid bridge< solid bridge3 9� P

Q- kñ'T[8, 9]. åH< :¿;L ò�6R liquid

bridge< *¿� PR Qw0, >å67R ît3 �j Y

� d6 tuL 02<7 h÷WZ GB� PH QT[10].

�c> �=>(> T�B� ^"6 ��L � ò�6R

I0F $%L 5j7 á) Nd' �)(v VRÛ, 'R

ª�W zTF îÈ3 'm � P QT[11]. 'n ¨) ñ

~ÿL jt(- 5j7R ALD �{ 76 Y� ^"Z

[g N< ª�W <«/ '½ ¬3Z 'Ö(_ ALD $

% ßàL $<N<? QR c©�/ >¶' �)(T.

#$% ALD ,-. /0 12

ü M67R Y� ^"Z [g N@- 5j ¬A* N

@R Ñ&6 ¾¿ ALD c©�/ ¦^L <« ¬A*(gas

fluidization) Ñ&, -³, ¬A*(mechanical fluidization)

Ñ&, BªÂ ¬A*(rotary fluidization) ÑÂ23 Y#Õ

T. + �C67R ¬A* ÑÂ D3 + Ñ&/ !cn M

&, h� ÄE, �c> '* °L {cÕT. 

3.1 !" #$% &'

<« ¬A* Ñ&) ¬A. c©�(fluidized bed reactor;

'( FBR) ¶23 <«Z ]^(_ Y� ^"/ ¬A*

Z �FN@R Ñ&'T. <«Z iF Y� ^"/ ¬A*

R Y� ^"/ (�3 ]^VR ¬A* <«/ ÏH6

/j Y�L :cúR Gz Y�/ Hv6 /F DI3

Æ(R G' ¨D� k�� 0m�v pT. ¬A*< 0m

�R <«/ (î ÏHZ (î ¬A* ÏH(minimum

fluidization velocity, Umf)¿ FT. Umf J) Y�/ Ø-,

�H, �c> <«/ 1#6 ¾¿ õ¿� P QT[12, 13].

Y�/ ¬A*< 0m�R K.) |Ôö ¬A*(non-

bubbling fluidization)n Ôö ¬A*(bubbling fluidization)

3 Øv �L P QT[13]. |Ôö ¬A*R ¬A* <«

/ ÏH< Umf ÖT M k -ö< ÔÞ(w N2b7 Y

� d/ dO' 0{(v ¬A*< 0m�>, Y� d/

dO) <« ÏH6 |E(v pT. gb6 Ôö ¬A*/

ò�6R <«3 �F -ö.(bubbling phase)z ¬A*

p ^".(particulate phase)/ 8<w .23 ¬A*< '

=mwv pT. -ö/ ÞBH 0{ ÏH './ <«<

�)FÛ, 'k/ (î <« ÏHZ (î -ö ÏH

(minimum bubbling velocity, Umb)¿ FT. |Ôö ¬A*

/ ò�6R <«/ ÏH6 ¾¿ Y�' I0(v ¬A*

. P QR gb, Ôö ¬A*/ ò�6R -ö/ GB2

3 �j Y�/ I0F ¬A*< Ñj PL P QT. ¾¿

7, <M '.,� ¬A*R |Ôö ¬A* 0 k '=m

� P QT. 

Geldart °/ ¡�F) Y� ^"/ �Hn ^" d h

÷Q6 ¾¿ Fig. 3 (a)n ¨' Øv 4<w ¦^23 �R

çT[13-17]. ¦^ AR Y�/ �H< ã> <S$7 Umf

< Umb� ò�3 ØIT� ��(cracking catalyst)Z U3

ÿ P QT. ¦^ BR |[, �H< Ø> H�$7 Umf

≈ Umb� ò�3 ÈIZ UZ ÿ P QT. ¦^ CR �<

=� NVÍWX sF h÷Q(cohesive force)Z <w> Q

R �� ��F ^"3 ¬A*< m->, ¦^ DR "Y

'� Z@[ ¨' >�H'b7 ^"< \ ò�3², ¬A

*Z 5j7 �� C) <«/ ÏHZ �)3 FT. 4<w

/ ¦^ 767, ¦^ A/ ò�< ¬A* <«/ ÏHZ

:;]6 ¾¿7 Umf < U < Umb� :æ67 |Ôö ¬A

* .X< <=(^3, ALD -S ,�/ �&67 <M

'.,� ¬A* ^"¿> � P QT.

FBR6 *�p -S) ALD c©�3 â'- ª�� 5

ý(7RÛ, á) ×/ �Á Y�L ¬A* N@R ' -

SL h�(-5j Wank °/ ¡�F' ª�W ]^�Z

+ø(b7 ALD c©�3 â'v VçT.[18] ALD ��

L 5j >¶p FBR c©�/ ÈÂHR Fig. 3 (b)67 '

�� P QT[19]. Ä"ÙG/ c©� ¶6 Y� ^"<

_` Q2·, Ä"Ù (�/ ]^�67 YÒVR N
2
 <

«n ª�W <«Z :;(_ Y� ^"/ ��L FaF

Fig. 2. (a) Schematic of a large amount of powder contained

in a metal crucible (b) Representation of coated powder over

time in a cylindrical crucible [1].
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T. ' FBRL *�j _� GX/ �Á Y� ^"6 Al
2
O

3

KL �� ÕRÛ, � G./ SiO
2
, TiO

2
 °/ ½*� ^"

/0 DÉ¿, bî �Á éê(single wall nanotube), c(Fe),

dî �*�(BN), ÀR polymethyl methacrylate (PMMA)n

¨) ëcì ^"/ ab6H I0F Al
2
O

3
 K' GBp

ðL '�� P QçT[19].

FBRL *�F ALD c©�/ '*R Øv 8 <wT.

e7 <« ¬A* ^" Èf67 gh ü �n ¨' <«

¬A*< <=F Y� ^"R �H< i> Ø-< ã)

^"ÿ3 ~Ó' QT. ^"/ Ø-< Pj ~ Pk Ü'Ø

3 453 Ø�� 5Ïz ¨' �H< CL ò�6R <

« ¬A*< mú$ FBR ÑÂL *�(R Û ~F' Q

L P QT. ÀF Y� ^"/ Ø-< I0(w Nv Vb

¬A*p ^"/ Yö< Ø-6 ¾4v V>, 'R �Hn

Ø-< \ ^"0 Pl .\,23 ¬A*< m '=mw

w ND ALD $%n' iL P QT. To '*3R c

©� ¶23 ³ÏVR ¬A* <«/ ]^6 /j ª�W

/ 3HZ pv � P QTR &'T[20]. 'R ª�W<

c©� 1�6 ìHR w{p NdA¶ Y�ab6 l%

Vw x(R ñ~&23 'm � P QT. ª�W '½z

¬A*< m '=m w- 5j <« ÏQL $< N@v

Vb ª�W 3H ñ~R ÙÚ q*Vv pT. 'Z Ö.

(>" ª�W/ r« NdL 1cv V>, 'R TN ª

�W/ Ù \ sÄ3 'm� P QT.

3.2 ()* #$% &'

-³, ¬A* Ñ&) -³, FA(mechanical vibration)

'� oÆt(acoustic wave), ÀR :\ ^"(coarse particle)

Z *�j ��(>" (R Y� ^"Z ¬A* N@R

Ñ&'T. -³, ¬A*Z 5j <« ]^ Mø< Du

v<,� w� Mø< �)(T. -³, FAL 5j FA

È�< Y� ^"Z xR H<É ÀR ÅÍcw (�6

+øV-H (>, oÆtZ GB(- 5j oÆ «@Z<

'�V-H FT[21-23]. -³, FA) Fyz ]tPZ

ij :;' <=FÛ, �{ 76R FyÖTR ]tP6

/j ùÆL Ù PR ðL '�(7T[24, 25]. oÆt/

ò�6R oÆ/ ]tPn ÛNz(decibel)3 :;' <=

(·, {Kt(sinusoidal wave)n {+t(triangular wave)

Z '�� k ßz,� h�' <=(T. :\ ^"R |

�} Mø67 *�VR ðz ¨) !c3 -³,� ~�

�6 /j Y� ^"/ h÷WZ Y� N< ]R »�L

FT. :\ ^"Z c©� 167 Y� ^"n [g N@

- 5j7R v<,23 :\ ^"Z ~�_ ]R Mø<

)� pT. :\ ^"< "BL � ò�, w� "-ML '

�j :\ ^"/ ~��L :;(R ðH <=(T. 

-³, FAL ij Y�L ¬A*(_ ALD ��6 ,

�F *E3, Park °/ ¡�F) high-surface-area

acetylene black(HSAB) Y�6 Al
2
O

3
 KL ��F tzZ

Ôa(7T[26, 27]. Fig. 4 (a)6 �¦� �n ¨', Y�

' M^p porous stainless steel cylinder (�6 QR F

A MøZ '�j -³, FAL <� P QçT. Ä�6

â� ª�WR TMAn �'>, �î <«< yw <«3

â7T. FA) ++/ ª�W< ywV- 5�ª�� N

ã(_ yw< �� � 5�ów <(7T. ÀF, ¿� y

wZ (R A¶6R 30� dO23 2�d FAL <(7

T. Fig. 4(b), (c)R 70 ALD *'ML -£23 FAPZ

++ 90, 141 HzZ <(7L k/ TEM *F'T. FAP

< C�L k ÙÚ 8�ô Al
2
O

3
 K' GBp ðL | P

QT. Fig. 4(d)6 �¦§ FAP6 ¾> TEM-EDS YË

67/ Al :Bz ¨', FAP< $<�Pl Al/ |à

' $<]L '�� P QT. 

F� <« ¬A* Ñ&0L *�(_ $% � k, <«

Fig. 3. (a) Simplified diagram showing Geldart’s classification of powders (ρ
p 

: density of particles, ρ
g 

: density of gas) [4] (b)

Schematic of fluidized bed reactor [1].
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/ ]^023R Y�/ ¬A*< �Y(w N) ò�<

Q- kñ6, 'Z Ö.(- 5j <« ¬A*n -³,

¬A*< tuVm â'-H FT. Fig. 3 (b)6 �¦§ <

« ¬A* ÑÂ/ FBR6 -³, [gL 5F ���<

+øp ðL | P QT[19]. ���< ��R -³, [

g) Y�' h÷W3 �mc wR ðL Ñwj]> ++

/ Y�' ª�W6 �>= ÁÒ' VHl Hn£T[28]. 

-³, FA'� oÆtZ FBR6 <(7L k (î ¬

A* ÏH� Umf J' ?m� ðL | P QRÛ, 'Z i

j w� FA Mø< Y� ¬A*6 ùÆL ]R ðL '

� � P QT. (w0, ' ò�6H ª�W/ 3H ñ~

¿R 4&' 5ýFT[20]. ÀF �(6 5øF FA!6

<ó�Pl Ø-< \ ^"ÿ' Yö(_ FA6 /F ¬

A* ò�6R Ä"Ù -�/ C'6 ¾¿ T> Ø-/

^"< ¬A*Z 02@R È�L Ö7T[29, 30]. ¾¿7

FAPn ^"/ Ø-6 ¾¿ �� K/ 89< ùÆL

PL P QT.

3.3 +,- #$% &'

<« ¬A*Z '�F FBR/ 4&L Ö.(- 5j,

McCormick °/ ¡�F) <«Z '�(w N> Y�L

¬A* N@R BªÂ c©�(rotary reactor)Z >¶(7

T[31]. BªÂ c©�R ª�W/ {, ÁÒ(static exposure)

z BªL ij Y�/ ab6 ª�WZ Ù á' ÁÒN

< $%/ ßàBL Æ.N@>" ®Ôp ð'T. BªÂ

c©�R Fig. 5 (a)6 �¦§ ðz ¨' �B' Vm Q

RÛ, T�B 5Ï Ä"Ù(porous metal cylinder)6 Y�L

6> ALD �{L (v pT. ' k, Ä"Ù 1�6 QR

Y�ÿ) Fig. 5 (b)n ¨' &B äÎ, 7Q, �c> !�

Q6 /j ~�'v pT. Y� BªP(rotation per minute,

RPM)6 /j ��VR !�Q) Y�/ h÷ Ø-6 ù

ÆL ? P QRÛ, U3 !�Q' 7Q <ÏH ÖT M

k6R $%L Ñj(R >cÈ×/ ^"(annular particle)

< c©�/ ¼6 GB. P QT. 

F� Manandhar °) BªÂ c©�Z '�j T×F

Ø-/ Y�6 Al
2
O

3
Z $%F tz, Y�/ Ø-6 ¾¿

$%n' .'F �BL Ö7T[32]. Fig. 6 (a), (b)6 �

¦§ �n ¨', ++ 54 nm Ø-/ /«0 ^"6 52*

'M, 85 nm Ø-/ ^"6 80*'M, 340 nm Ø-/ ^

"6 82*'M, �c> 970 nm Ø-/ ^"6 83*'M/

Al
2
O

3
Z ++ $%F tz, ^" Ø-< ãLPl $%n

' $<]L '�� P QçT. '6 \F +,23 ^"

Fig. 4. Schematic of vibration ALD. TEM images HSAB particles coated with 70 cycles Al
2
O

3
 conducted at (b) 90 Hz and (c)

144 Hz (d) Atomic concentration of Al measured by EDS [26].
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/ Ø-< ãLPl �n gò' ãD7 ab ghB'

CDFTR ð, ^"< ãLPl yw Nd A¶ ~�Vw

N) PYÿ' áD CVD gh' 0m�7 $%nL Æ.

N�- kñ'¿R 8<w '¬Z ~NÕ>, �"/ <=

B' CT> t� wçT. 'n ¨' BªÂ c©�67R

~�< Vw N) PY' liquid bridge3 ã�(_ CVD

ghL 02< ^"Z h÷W3 0ÿ <=B' QT.

Detavernier °/ ¡�F) T> ÑÂ/ BªÂ c©�

Z ®Ô(7T[33]. ¬A* ÑÂ) -5/ BªÂ c©�

n A0(�, �¿«Ü s* ALD(plasma-enhanced ALD)

Z '�FTR ?'&L <w> QT. �¿«Ü s* ÑÂ

/ ALDR RF �0L '�(_ �¿«ÜZ ¬H, ª�W

<«Z 'å* N< $%(R ALD ÑÂ'T. -5/

ALDR -`L <´(_ ´6Ýw6 /F }B* 6Ýw

Z m $%(R Ñ&�Û, �¿«Ü s* ALD ÑÂL *

�(v Vb, ÖT i) -` åH67H ALD gh6 �)

F }B* 6ÝwZ �¿«Ü3�� L P QT. ¾¿7,

�¿«Ü s* ÑÂ/ ALDR Ù i) åHn �) åH �

567 ALD JK $%' <=(TR M&' QT[33-35].

'n ¨' BªÂ c©�R ¬A* <«< �)(w N

2·, 0g,� ´ ÑÂ/ ALDn �¿�Ü s* ÑÂ/

ALDZ '�� P Q- kñ6 |[, T×F ^"ÿL

T� P QT[33]. ���, ab/ }B' C) ò�[36]�

Ø-n �H< ã) ^"/ ò�[32]6R PY ~�< m

ú$%7, ~�Vw N) PY6 /j Þ� liquid bridge

< ��)F CVD gh' Þ  P QR ñ~&' QT.

4. #$% ALD3 4% 5 67

Y� îý/ ALD ��) T×F Yû6 ,�V> QT.

Fig. 5. (a) Schematic of rotary reactor (b) Forces on particles in the rotary reactor [31].

Fig. 6. Graph of growth-per-cycle as a function of (a) samples 54, 85, 340, 970 nm and (b) substrate particle size in the powders.

TEM images of samples: (c) 54 nm, (d) 85 nm, (e) 340 nm, and (f) 970 nm [33].
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Fig. 7. Application of ALD in energy storage applications: (a) conductive current collector growth, (b) deposition of active

material on various current collectors, (c) formation of conformal protective shells (coatings), (d) fabrication of thin film and 3D

solid-state batteries, and (e) surface coatings on separator membranes [38].
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